AQPs, namely GlpF and AqpZ, are both derived from mol) than in GlpF (7.3 kcal/mol). In either channel, the the same organism, E. coli. Despite their structural simhighest barrier is located at the selectivity filter.
mechanism for proton exclusion was recognized by MD simulations of these channels ). The mechanism is based on an unusual configuration of water (bipolar configuration) inside the pore, which is controlled by highly tuned electrostatic forces of the protein environment and prevents proton conduction while permitting fast water permeation . Several later computational studies applying different models confirmed the validity of this mechanism (de Groot et It is of interest and importance to understand what structural and dynamical properties provide an AQP with the ability of conducting glycerol, as in the case of GlpF, and when an AQP conducts exclusively water. AqpZ is a pure water channel, and does not conduct glycerol. However, by investigating an artificially induced passage of glycerol through the channel, one may study major barriers against the permeation of the substrate through the channel. In this study, using a fully hydrated, membrane-embedded model of tetrameric AqpZ (Figure 1 ), we have investigated the energetics associated with permeation of glycerol molecules through the channel, as induced by means of SMD. The simulations allowed us to calculate the energetics of glycerol passage through AqpZ using the protocol that had been applied to GlpF earlier . The two free energy profiles can be directly compared to each other. The comparison provides useful information regarding the mechanism of permeation and presents a clear picture of structural and functional differences between the two channels.
The results show that the main barriers against the permeation of glycerol through AqpZ are steric in nature, mainly due to a narrower pore size of AqpZ, not only at the selectivity filter (SF) but overall along the entire channel. Furthermore, an attractive energy well, which was characterized at the periplasmic vestibule of GlpF in a previous study , was not found in AqpZ. A key arginine lining the SF of AqpZ has been found in two distinct conformational states, one 
Results and Discussion
In this section, we will describe the main results of our water molecules in this region. Furthermore, the config-MD and SMD simulations of AqpZ, including the obseruration of water inside AQPs was found to be a unique vation of a bipolar, single file of water inside all monoone, in which water molecules flip at the center of the mers during the equilibration phase, and the calculation channel in order to align themselves to opposite of the PMF for glycerol conduction through AqpZ. electric fields generated by the protein in the two halves of the channel and to maximize the number of their hydrogen bonds ( SF of GlpF, the SF of AqpZ is about 1.0 Å narrower in a continuous single file of water molecules that freely permeated through the channel was maintained. The diameter and more hydrophilic, both factors likely contributing to AqpZ's impermeability to hydrophobic sugar average value of the dihedral C β -C γ -C δ -N ⑀ in the UP state is −173°. In contrast, in the "DOWN" state, charmolecules such as glycerol which present a larger and less flexible molecular species than water. acterized by an average dihedral value of −88°, which occurred only transiently, but frequently, during the first phase of equilibration, the SF of the channel is com-
Gating of Arg189
The SF in AQPs is the narrowest part of the channel. In pletely occluded by this side chain. A persistent blocking event longer than 100 ps initiated further dehydrathis region, the pore narrows down to 3.3 Å and 2.4 Å in diameter in GlpF and AqpZ, respectively. A highly tion of the constriction region and water molecules of the broken single file started to leave the channel. As conserved arginine side chain lines the SF in all AQPs. It is interesting that despite the quasi-2-fold symmetry described in the Methods section, after constraining this side chain for 8 ns, the UP state became the domiof sequence and structure of AQPs, which seems to be the result of a gene duplication, this arginine only apnant state, and no further flipping of the side chain was observed during the subsequent cf-SMD (cf, constant pears in one half of the protein, that is, only at the periplasmic half of the channel. A high degree of conservaforce) and cv-SMD (cv, constant velocity) simulations. However, the motion of this residue might be of importion of this side chain is a clear indication of its important role, but so far no study has implicated this tance in AQPs. So far, no regulatory and/or gating mechanism has been reported for water pores of AQPs. residue in the structural stability of the protein, nor has anybody proposed a functional role for it.
The the present case, the pulling velocities were lowered to 0.01 Å/ps and 0.015 Å/ps as indicated in Figure 5 by the green and red arrows, respectively. The resulting PMF along the AqpZ channel is shown in Figure 5E . One can see that the PMF reaches its maximum with a peak value of 22.8 kcal/mol at the SF. This significant free energy barrier of AqpZ could result from two possible mechanisms, increased hydrophilicity and/or a reduced pore size compared with GlpF. Analysis of the interactions between the glycerol and the channel suggests that the steric barrier introduced by a narrower pore size of AqpZ is the main contribution to the free energy barrier. As shown in Figure 6 , throughout the constriction region of the channel, AqpZ has a much narrower pore than GlpF. Although the pore of AqpZ is narrower than GlpF almost everywhere in the constriction region (−7 Å % z % 15 Å), the most severe restriction happens at the SF where the pore diameter of AqpZ measures only 2.4 Å, which is about 1.0 Å smaller than found in GlpF. Compared to GlpF, this is a very significant contraction of the pore size for a region that is already rather narrow for glycerol passage in GlpF. Consequently, in order to accommodate the glycerol molecule, the narrow pore of AqpZ has to widen at this region. Indeed, major conformational changes of residues lining the SF were observed during the enforced permeation of glycerol through this region. Several examples of such conformational changes are presented in Figure 7 .
As shown in Figure 7A , with the glycerol entering from the periplasmic vestibule, His174 at the SF was pushed away and the aromatic ring of Phe43 had to rotate w60°to avoid a strong steric clash with glycerol. The side chains of Arg189 and His174 were both pushed upward. The only favorable interactions between glycerol and the protein at this time are an H bond between the carbonyl group of Thr183 (not shown) and one of the hydroxyl groups (HO3) of the glycerol, as well as an H bond between the H ⑀ atom of Arg189 and the middle oxygen atom of the glycerol. Another representative conformational change occurred to side chains of His174 and Arg189 in a different monomer with the glycerol being pulled from the periplasmic side. As shown in Figure 7B , the glycerol's presence forced the aromatic ring of His174 to flip about 90°and pushed the side chain of Arg189 out of the way. Another significant perturbation of the SF region is shown in Figure 7C . In order to accommodate the glycerol molecule, both Arg189 and His174 were forced to move their side chains. The HO1 atom of the glycerol formed an H bond with the N ⑀ atom of His174. In keeping with the known impermeability of AqpZ to glycerol in the SF introduces only a minute widening of The location of the highest barriers at the narrowest part of the channel in both cases already hints at the the channel. Another major energy barrier against glycerol permeimportance of steric interactions in the height of these barriers. While the increased hydrophilicity of the SF in ation through AqpZ is observed at the NPA region (6.5 Å % z % 12.0 Å). This local maximum of the PMF AqpZ could be viewed as one reason for the reduced permeability of the channel for glycerol, our results sugcan also be attributed mostly to steric effects. Although the pore is significantly wider in this region than near gest that the main effect underlying the large barrier in this region is the significantly reduced pore radius in the SF, we note that the size of the pore is still small, in fact comparable to the pore size of the SF in GlpF (FigAqpZ. It is interesting that even at the NPA region, the pore of AqpZ is narrow enough (with a diameter of ure 6). The diameter of AqpZ in the NPA region is w3.0 Å, which is significantly smaller than the corre-3.0 Å) to introduce a significant barrier to glycerol. Another major difference between the two channels sponding value of 4.5 Å in GlpF, and even smaller than the SF of GlpF with a diameter of 3. clearly shows a strong repulsive steric interaction between glycerol and the channel, mainly at the SF, but permeation through AqpZ is found to be 22.8 kcal/mol, which is about three times higher than the highest baralso in the NPA region. We conclude that the smaller pore radius of AqpZ and steric effects are the main rier against glycerol permeation in GlpF (7.3 kcal/mol; Jensen et al., 2002). The calculated barrier against glycsources of differences in permeability of GlpF and AqpZ. The smaller pore size along the entire channel erol permeation might seem too high in GlpF, which is a glycerol channel, and one may suspect that computacannot be convincingly explained only by implicating channel-lining residues. We propose that other resitional errors are the main source for the calculated high barrier. However, the Arrhenius activation energy indues beyond the pore region that determine the overall configuration and relative position of helices in AqpZ ferred from measurement of glycerol permeability of GlpF-reconstituted liposomes is reported to be 9.6 ± and GlpF are responsible for the difference. Successful identification of such residues may suggest mutations 1.6 kcal/mol (Borgnia and Agre, 2001), which is in good agreement with the calculated value of 7.3 kcal/mol to convert a water channel to a glycerol channel or vice versa and can be tested experimentally. (Jensen et al., 2002) . The system was first minimized for 5000 steps and simulated for In this section, the details of modeling membrane-embedded AqpZ about 300 ps at constant temperature (310 K) and pressure (1 atm) and protocols as well as conditions used for our simulations will with all protein atoms fixed. Then the protein was released and the be presented. whole system equilibrated for 5 ns under the same conditions. During this phase, we noticed that the side chain of Arg189, which Modeling lines the channel in the periplasmic half of the pore, exhibited wild The crystal structure of E. coli AqpZ was obtained from the Protein fluctuations in three of the four monomers; the side chain of this Data Bank (PDB), entry 1RC2 (Savage et al., 2003) . The PDB file arginine alternates between two states in which the C β -C γ -C δ -N ⑀ contains two protomers, from which protomer A was used to build dihedral angle adopts an average value of about −173°and −88°, the system simulated here. A tetramer of AqpZ was generated with respectively, with the channel transiently blocked in the latter state. VMD (Humphrey et al., 1996) using the transformation matrices proIn order to prevent the blockage of the channel by this side chain, vided in the PDB file. The same transformation matrices were also the mentioned dihedral angle was constrained to −173°by introapplied to the crystallographically solved water molecules, except ducing an additional potential energy term for c, namely, V = k c [1 + for a symmetry-related water molecule (water 1057), which was cos(nc − d)], with k c = 14 kcal/mol, n = 1, d = 6.6°. The system was used without replication in building the tetramer. Missing side then equilibrated further for w8 ns. This protocol resulted in a stachains of residues Arg3, Glu31, Ser104, Arg230, and Asp231, as ble conformation of the arginine side chain. Indeed, in the following well as missing hydrogen atoms, were added using the program 8 ns equilibration and subsequent SMD simulations of the system, VMD (Humphrey et al., 1996; plugin PSFGEN). Titratable side which were performed without the dihedral constraint, no blockage chains were simulated in their default titration state, that is, all Glu of the channel was observed. The structure of AqpZ after the equiliand Asp residues with a negative charge, all Lys and Arg side bration was close to the crystal structure, exhibiting an rmsd of chains with a positive charge, and all other side chains with zero 1.8 Å for C α atoms. charge. Using this titration scheme the protein is electrically neutral, and there was no need to add counterions to ensure the electroneutrality of the system. However, as will be described later, we
SMD Simulations
In order to study glycerol permeation through AqpZ with SMD, four opted to simulate the system in a solution with an ionic concentration of 100 mM, which better represents the natural environment of glycerol molecules were added to the system. A glycerol molecule was placed at the periplasmic side of each monomer of the equilithe protein.
A 
